The relaxation and diffusion dynamics of optically induced lattice distortion in the relaxed excited state of SrTiO 3 are studied by using the pump-probe technique. The spatial and temporal dynamics of polaron diffusion were observed directly.
I. INTRODUCTION
A polaron is one of the most important quasiparticles in condensed matter physics and is essential to understand the physical properties of charge carriers in ionic crystals, semiconductors, and organic crystals. In spite of many discussions on the basis of polaron migration and diffusion, the direct observation of polaron diffusion has not been reported so far.
In this report, the relaxation and diffusion dynamics of optically induced lattice distortion in strontium titanate SrTiO 3 are studied by using polarization spectroscopy with the pump-probe technique. The experimental result suggests that the origin of the diffusive lattice distortion is electron polarons, which are electrons accompanied by a lattice distortion.
SrTiO 3 is an insulator with a band gap of ~3.2 eV and well known as an incipient ferroelectric material. In spite of the extremely large dielectric constant of ~10 4 , the paraelectric phase is stabilized, and the quantum paraelectric state is maintained down to 0.3 K [1] . SrTiO 3 is also well known for high photoconductivity [2, 3] . According to photo-Hall studies, most photocurrent carriers are negatively charged, with a mobility as high as 10 4 cm 2 /Vs at low temperatures [4, 5] . It has been found that the dielectric constant in SrTiO 3 is drastically enhanced by the weak UV illumination whose energy is larger than the optical band-gap energy of 3.2 eV [6, 7] .
II. EXPERIMENT
The pump pulse is provided by a Ti:sapphire regenerative amplifier (800 nm, 0.2 ps, ~10 J, 250 Hz). The probe light from a laserdiode (660 nm, continuous wave) and a signal averager are used. The directions of the linearly polarized pump and probe beams are collinear and perpendicular to the (001) surface of a sample, whose thickness is 0.2 mm. The beam diameter of the focused beams is ~50 m at the sample.
A lattice distortion is generated in the relaxed excited state by the pump pulse, and a time-dependent anisotropy of the refractive index is induced. The induced anisotropy of the refractive index, or linear birefringence, is detected using a polarimeter with a quarter-wave plate as the change in the polarization of the probe beam, and the ellipticity of the transmitted probe beam caused by the birefringence is monitored.
III. RELAXATION OF THE LATTICE DISTORTION
The photo-generated carriers are self-trapped in the relaxed excited state, where a lattice distortion is generated. In SrTiO 3 , the electrons and holes are considered to be self-trapped independently as polarons without exciton formation. The relaxed excited state disappears owing to the recombination of the carriers with luminescence. In the present experiment, we used ultrashort pump pulses of 800 nm to generate the relaxed excited state through a multi-photon absorption process.
The observed relaxation signals of the lattice distortion after pulse excitation at t = 0 are shown in Fig. 1 . The vertical axis is the ellipticity of the transmitted probe beam. The relaxation curve of the lattice-distortion signal can be fitted by a sum of exponentials. The temperature dependence of the relaxation rate obtained from the observed lattice-distortion signal is plotted in Fig. 2 , in which four relaxation components can be clearly seen. As the temperature increases, three relaxation components show divergence behaviors successively at ~30, ~60, and ~110 K, after which each relaxation component disappears. The temperature dependence of the relaxation rate  i (T) (i=1,2,3) for each relaxation component can be fitted by the Arrhenius equation with activation energies. These processes are considered to be caused by photo-generated carriers in trapped states, which play important roles in photoluminescence or photoconductivity. 
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IV. SPATIAL DIFFUSION OF THE LATTICE DISTORTION
We observed the lattice-distortion signal induced by a separated pump beam from the probe beam. The separation dependence observed at 25 K is shown in Fig.  3(a) , where the separation between the pump and probe beams is 0.2, 0.3, 0.4, and 0.5 mm along the [100] axis. As the separation becomes larger, the signal rises later. This result indicates that the lattice distortion generated in the pumped area diffuses and reaches to the probed area after spatial migration. No diffusion signal was observed for the separation along the [110] axis. The diffusion signals for the separation 0.2 and 0.3 mm observed at 6 and 30 K are shown in Fig. 4 . As the temperature increases, the diffusion becomes slower. The diffusion dynamics of a physical quantity n(r,t) is described by the diffusion equation:
, where D is the diffusion coefficient. The solution of the diffusion equation for a point source at r = 0 and t = 0 is represented by ,
where d is the dimension of the space. The solid curves in Figs. 3(b) and 4 show the simulation curves using Eq. (1) The mobility  of the lattice distortion can be derived from the diffusion coefficient D using the Einstein relation: eD =k B T. The mobility of the lattice distortion derived from the observed diffusion coefficient in our experiment is shown in Fig. 5 . The temperature dependence of this mobility is qualitatively consistent with that of the Hall mobility of the photo-generated electrons [4, 5] . This result strongly suggests that the origin of the diffusive lattice distortion is the photogenerated polarons, which are electrons accompanied by lattice distortion in the relaxed excited state. 
V. CONCLUSIONS
The lattice dynamics of the relaxed excited state in an incipient ferroelectrics SrTiO 3 was studied by using the pump-probe technique. Three kinds of thermal activation processes were observed in the relaxed excited state. These processes are considered to be caused by photogenerated carriers in trapped states, which play important roles in photoluminescence or photoconductivity.
The evidence for the spatial diffusion of the lattice distortion was shown in the experiment using the separated pump beam from the probe beam. The optically induced lattice distortion was found to diffuse only along the crystal axes. The temperature dependence of the mobility of the lattice distortion suggests that the origin of the diffusive lattice distortion is electron polarons, which are electrons accompanied by a lattice distortion.
A direct observation of the spatial and temporal dynamics of polaron diffusion has been demonstrated by our experiment. 
